Abstract. The principles of total radiation thermometry as a method of primary thermometry are presented. Their practical application using a cryogenic radiometer is described with an account of the principal sources of uncertainty. It is shown that an uncertainty of about 0,3 mK may now be expected in the measurement of in the room temperature range if advantage is taken of new commercial black surface preparations and new ideas in the design of black-body enclosures. Included also are comments on the use of the same equipment for a determination of the Stefan-Boltzmann constant with an estimated uncertainty approaching 1 part in 10 5 .
Introduction
The kelvin, symbol K, is one of the base units of the Système International d'Unités (SI) and the corresponding physical quantity is thermodynamic temperature, symbol . Direct measurements of thermodynamic temperature are difficult and timeconsuming, as well as being less precise than measurements made with practical instruments such as platinum resistance thermometers. Successive versions of international practical temperature scales have been designed to overcome these problems.
Since the work of Chappuis at the Bureau International des Poids et Mesures in the 1880s, which can be taken as the beginning of modern thermometry, many long and complex experiments have attempted to provide direct determinations of thermodynamic temperature. The results of these experiments are embodied in the values of temperature assigned to the fixed points of the various international practical temperature scales, culminating in those of the ITS-90. A review of this may be found in [1] .
Thermometers which give values of thermodynamic temperature directly are known as primary thermometers. The particular quality of a primary thermometer is that its equation of state may be written explicitly without unknown temperaturedependent terms. The result of a measurement of temperature made with a primary thermometer does, therefore, stand on its own and is independent of any other thermometer. An essential component of a measurement made with a primary thermometer is, of course, a complete evaluation of the uncertainty of the experiment, more particularly, a complete evaluation of all the secondary influences on the experiment and their elimination or determination is needed. The evaluation of the uncertainty is almost always the most timeconsuming part of the work. Examples of thermometers that have been shown to be primary are the constant volume gas thermometer, the acoustic gas thermometer, the noise thermometer, certain magnetic thermometers, the total radiation thermometer and, more recently, the spectral radiation thermometer. The principal measured quantities in these thermometers are pressure, speed of sound, electrical noise, certain magnetic parameters, total thermal radiation and spectral thermal radiation, respectively.
Secondary thermometers are those thermometers for which it is not possible to write the equation of state in explicit form. Examples of secondary thermometers are the platinum resistance thermometer, the rhodiumiron resistance thermometer, the thermocouple and the thermistor. For these, it is necessary to provide calibration points and empirical interpolation equations between the calibration points. Their advantage is that they can be made extremely reproducible and generally have a much higher sensitivity than a primary thermometer working in the same range. They are also cheaper to make and easier to use.
The requirement of a primary thermometer that its equation of state does not include unknown temperature-dependent terms, implies that such temperature-dependent terms are acceptable if their temperature dependence has previously been measured. It could be argued that in this case the thermometer is not primary, since it relies on the results of another thermometer used to measure this temperature dependence. Strictly this is true, but the temperature scale used to determine the secondary effects is usually accurate enough and, even if it is not, it may be possible to analyse the results in a self-consistent or iterative way so that the influence of such errors on the final result is small. In consequence, the uncertainty of the temperature scale carried by the thermometer used to measure the temperature dependence becomes a negligible second-order quantity in the final result. The significance of extraneous temperature-dependent effects is, nevertheless, an important consideration in the design of a primary thermometer.
In the methods of primary thermometry mentioned above, two categories may be distinguished: in the first, the measurement of the thermometric parameter does not pose too much of a problem but the departure from ideal behaviour of the thermometric fluid is significant and difficult to account for with good accuracy. In this category we find constant volume gas thermometry, acoustic thermometry and magnetic thermometry. The departure from ideal behaviour of the thermometric fluid or system is, of course, always temperature dependent. The function describing this departure from ideal behaviour is one of the initially unknown terms in the equation of state that must be measured, calculated or taken from other work. In the second category, the thermometric fluid is well behaved and only small departures from ideal behaviour are present but the thermometric parameter is itself difficult to measure with the required accuracy. In this category are noise thermometry and total radiation thermometry. The potential advantage of methods in this second category is that, if the technology of the measurement of the thermometric parameter can be developed, the risk of systematic error in the final result is lower. This was the reason for the effort put into the development of total radiation thermometry at the National Physical Laboratory (NPL) in the 1970s and 1980s.
In the following, we present a brief description of the methods of total radiation thermometry with comments on recent developments and prospects for the future.
Total radiation thermometry
The total radiant exitance of a black body at a temperature is given by (1) where is known as the Stefan-Boltzmann constant. The ratio of the radiant exitance of a black body at a temperature to that at the temperature of the triple point of water is given by (2) In determining the total radiant exitance it is necessary, for purely practical reasons, to make measurements over a restricted solid angle rather than over a complete hemisphere of steradian. An aperture system must be interposed between the black body and the detector so that (3) where is a geometrical factor determining the throughput of the aperture system. Provided that is independent of the temperature of the black body, we may write (4) where now and are the quantities to be determined.
The device developed by Quinn and Martin [2] to determine and is an electricalsubstitution radiometer held at liquid-helium temperatures (a cryogenic radiometer). The radiometer acts in the following way (see Figure 1) . The radiant power absorbed in the black-body detector A raises its temperature until the radiant power absorbed equals the heat flow along a poorly conducting heat link B-C to a heat sink maintained at a very stable temperature in the range from about 2 K to 5 K. The temperature rise of the detector, typically about 1 K, is monitored by a germanium or rhodium-iron resistance thermometer. When a steady state is reached a shutter at liquidhelium temperature is closed, cutting off the incoming radiation. At the same time, electrical power is applied to heaters attached to the detector to maintain the same temperature. The electrical power then equals the radiant power, provided that no other energy transfer takes place. To ensure that this is the case it is necessary to operate the system at liquid-helium temperatures where it is possible to avoid thermal radiation losses and obtain high thermal diffusivity in the copper structure of the detector. The use of superconducting leads for the heaters and the thermometer, careful thermal anchoring of all leads and operation in high vacuum are additional requirements.
Near room temperature, a measurement of the ratio to 1 part in 10 5 is sufficient to determine the thermodynamic temperature of the incoming black-body radiation to 1 mK or better. The following description of total radiation thermometry and the various numerical values quoted are based on the work described in [2] and [3] .
Equation (4) is deceptive in its simplicity. A number of small corrections, related to the temperature dependence of certain effects, must be included. These are best seen if , and by analogy , are written in terms of measured or calculated quantities (5) Figure 1 . Cryogenic radiometer, schematic outline. The radiant power absorbed in the black-body detector A raises its temperature until the radiant power absorbed equals the heat flow along a poorly conducting heat link B-C to a heat sink maintained at a very stable temperature in the range from about 2 K to 5 K. The temperature rise of the detector, typically about 1 K, is monitored by a germanium or rhodium-iron resistance thermometer. When equilibrium has been reached a shutter at liquid-helium temperature is closed, cutting off the incoming radiation. At the same time, electrical power is applied to heaters attached to the detector to maintain the same temperature. The electrical power then equals the radiant power provided that a number of precautions are taken. Principal among these are: operation at liquid-helium temperatures to avoid thermal radiation losses and obtain high thermal diffusivity in the copper structure of the detector, the use of superconducting leads for the heaters and the thermometer, careful thermal anchoring of all leads and operation in high vacuum. and (6) where ; and are the measured electrical quantities from which the electrical power is calculated. The other quantities are:
is the correction for the non-ideal thermal radiation transfer between the black-body radiator and the black-body detector. It is the ratio of the power actually transmitted from the radiator to the detector to that which would be transmitted were the radiator a perfect black body at a temperature and the detector a perfect absorber. is principally a function of the geometries and the spectral emissivities of the inner surfaces of the two black bodies and in [2] its value is 0,999 39. Black surface treatments are now available that have such low reflectances over such a wide wavelength range that differences in the radiation transfer function lead to no significant temperature errors when comparing black bodies at temperatures and .
is the temperature of the black-body radiator measured using a set of platinum resistance thermometers calibrated on the ITS-90. They are placed at various positions on the black body so that an appropriate calculation can be made of an effective temperature, taking account of temperature gradients.
is the geometrical throughput and is independent of temperature provided that the dimensions of the aperture closest to the black-body radiator do not change significantly as a function of the temperature of the radiation incident on it. Since this aperture is always at liquid-helium temperatures, the thermal expansion coefficient of the materials used (copper or copper-beryllium) is low enough to make such changes negligible.
is the correction for diffraction at the apertures. It is a function of wavelength, and hence of , and must be corrected for. The magnitude of the diffraction correction, about 1 part in 10 4 in [2] , is directly proportional to the departure of the optical system from the ideal and is one of the principal corrections in total radiation thermometry.
is the correction resulting from the departure from perfect reflectance of the edges (lands) of the apertures, and in [2] has a value of about 2 parts in 10
4 . This has a small wavelength dependence and is thus also a function of .
is the correction for the scattered radiation that passes into the detector. It results from scattering within the radiation trap occupying the space between the two apertures. In [2] its magnitude is below 1 part in 10 4 . Since this radiation trap is blackened like the black bodies, the wavelength dependence, and hence temperature dependence, of this correction is negligible.
is the correction for energy transport between the black-body radiator and the detector resulting from the kinetic energy of the gas molecules. This is a function of the temperature of the radiator and must be corrected for, although it amounts to only about 0,1 mK over all of the range explored in [2] and [3] . Note that if the detector is at a temperature below the dew point of the residual hydrogen gas in the system, large errors can occur [4] .
is the correction resulting from the change in thermal radiant power entering the detector from the radiation trap on opening and closing the shutter. This correction is a function of and must be corrected for, although, once again, in [2] and [3] it is below 0,1 mK.
For the measurement of , which we write as , the relation between measured quantities is thus (7) and (8) Rewriting (7) and (8), substituting for and writing , and for the differences between the diffraction, land and pressure corrections at temperatures and , we find (9) In (9), only those parameters having a significant temperature dependence appear. It is, nevertheless, necessary to evaluate and carry out certain experimental tests to show that the other quantities, such as and , do not lead to temperature errors. This was done by Quinn and Martin using (5) and (6) to obtain a direct measurement of and hence to determine the Stefan-Boltzmann constant. The original papers [2, 3] detail the uncertainty budgets of the two experiments to determine and . It is important to note that the magnitudes of all the corrections applied in the determination of are small, since this gives confidence in the conclusion that the influence of their temperature dependence is negligible in the measurement of .
In a total radiation experiment to measure thermodynamic temperature, the additional work required to make a determination of the StefanBoltzmann constant is far from negligible, but it is justified by the added confidence it gives to the whole experiment. If the accuracy of the determination of the Stefan-Boltzmann constant is sufficient, the measurement takes on an additional importance as it leads to a determination of the Boltzmann constant, , the least well known of the fundamental physical constants that appear in (1) . At present its value comes from the molar gas constant through the relation . The uncertainty in the value of the Avogadro constant is currently about 6 parts in 10 7 and that of the gas constant about 3 parts in 10 6 . Thus the uncertainty in the gas constant determines that in the Boltzmann constant. Because the Boltzmann constant enters into the expression for the Stefan-Boltzmann constant to the fourth power, a measurement of the Stefan-Boltzmann constant with an uncertainty of about 1 part in 10 5 will lead to better values for both the gas constant and the Boltzmann constant.
Prospects for improved accuracy in measurements of and
Since the completion of the work described in [2] and [3] , there have been advances in the technology of fabrication of low-reflecting surfaces, in the design of black-body cavities, and in the manufacture and measurement of apertures. A new experiment at the NPL should allow the determination of the StefanBoltzmann constant and thermodynamic temperatures with uncertainties smaller by a factor of ten than those in [2, 3] .
Improvements in black surfaces
In [2] , the largest uncertainty in the determination of was that stemming from . The correction amounted to 6 parts in 10 4 and the uncertainty was estimated to be 1,4 parts in 10 4 . The black coating used at the time was a "Nextel" 3 M black paint. Its reflectance over the visible and near-infrared parts of the spectrum was about 5 %, and its calculated total hemispherical emissivity for black-body radiation at 273 K was about 0,94. Since then, considerable advances have been made in the preparation of lowreflectance surfaces by chemical etching. It is now possible to treat an aluminium surface to have a reflectance in the visible and near-infrared of a few tenths of a percent. Figure 2 shows the reflectance of Martin-Marrietta Enhanced Black [5] in the wavelength range from the visible to 50 m. The reflectance peak at short wavelengths does not lead to a significant increase in the integrated reflectance for total thermal radiation from black bodies in the room temperature range and just above as the bulk of the thermal energy at these temperatures is at much longer wavelengths. Within the wavelength range shown in Figure 2 , most of the reflection is diffuse, but at longer wavelengths it becomes increasingly specular. Black-body cavities designed for total thermal radiation emission or absorption must, therefore, be designed to take account of both diffuse and specular reflections between their internal surfaces. This is not difficult and the use of these new black surface coatings will lead to a reduction of at least a factor of ten in the uncertainty resulting from the radiation transfer function in total radiation Stefan-Boltzmann experiments of the type described here.
Improvements in aperture manufacture and measurement
The other most significant corrections in the measurement of both and are those related to the apertures, namely, the diffraction correction and the correction for scattering from the edges or lands of the apertures . The application of diamond machining to the manufacture of apertures has brought considerable improvements both to the geometrical form and to the surface finish. It is now possible to make apertures of diameters from about 5 mm to 30 mm in which the deviations from circularity do not exceed 0,15 m, and the diameters are measured with an uncertainty of about 0,2 m [6] . These figures correspond to an uncertainty in a measurement of of just over 1 part in 10 5 . The improvement in the form of the apertures is significant not just for the measurement of the diameter, but also for the calculation of the diffraction losses and scattering at the lands. This is because the calculated diffraction losses depend on the form of the aperture and on the smoothness, and hence reflectance, of the surface being close to ideal. Diamond-turned apertures are much better in both these respects than those used in [2] . In any new experiment, including that at the NPL, more than one set of apertures will be used. These will differ not only in diameter but also in the angle of the conical surfaces. Such a change will give valuable information on the validity of the diffraction correction.
The principal component in the uncertainty associated with the geometrical throughput , 6 parts in 10 5 , was the uncertainty in the separation of the apertures. This stemmed from a complex measurement sequence of various dimensions in a structure that acted both as the radiation trap and as the mounting for the apertures. Experience gained in that work, together with the more flexible measurement techniques now available using coordinate measuring machines, should significantly reduce this source of uncertainty. In the new NPL experiment, the design of the radiation trap is such that the separation of the apertures, 200 mm, can be measured in situ with an uncertainty of about 1 m. The radiometric baffles are attached to the structure after the measurement. It will be possible to measure the separation of the apertures to an uncertainty equivalent to about 1 part in 10 5 of . For the measurement of thermodynamic temperature, uncertainties in the value of do not contribute. Finally, there remains the possibility of using thin-film apertures, if the problem of measuring their diameter can be solved. The most accurate dimensional measurements are made by physical contact, as in coordinate measuring machines. Such methods cannot be used for apertures having edges only a few micrometres thick. However, if the new techniques of near-field microscopy could be applied to aperture measurement, considerable advantages would accrue [7] . In the first place reflection from the lands would no longer lead to a significant correction, and a nearly ideal configuration for minimizing diffraction losses would be possible. This ideal configuration requires hemispherical irradiation and collection of the radiation passing through the apertures. With a thin-film aperture it would be possible to provide a much closer approximation to this than has been possible so far.
Measurement of the effective temperature of the black-body radiator
The thermal radiation emitted from the aperture of a practical black-body cavity is characteristic of (i) some average of the temperature of the walls, (ii) the geometry of the internal surfaces, and (iii) the reflecting properties of the surfaces of the inner walls. Ideally, in a cavity that is practically uniform in temperature with walls whose surface emissivity is close to unity, a single measurement of the wall temperature is sufficient to characterize the temperature of the emitted radiation. In practice, it is not possible to produce a sufficiently uniform temperature in a cavity having the large dimensions needed for total radiation thermometry.
The overall dimensions of a combined StefanBoltzmann and total radiation thermometry experiment are set in the following way:
(a) There is a minimum size of aperture that can be manufactured and measured to give the required uncertainties in the geometrical throughput. For an uncertainty in of 1 part in 10 5 the minimum diameter is about 20 mm.
(b) To avoid excessive boil-off of liquid helium, the total amount of thermal energy absorbed in the radiation trap and in the detector must be kept to a minimum while maintaining an adequate flow of energy to the detector to allow the required accuracy in its measurement. A total measured power of about 0,5 mW is reasonable.
(c) Having fixed the size of the apertures and radiation trap, the dimensions of the black-body radiator and detector follow, since the sizes of the apertures must be small compared with the overall dimensions of the black bodies. In this way we arrive at radiator dimensions that exceed 50 cm in length and 20 cm in diameter.
It is not feasible to obtain a temperature uniformity of better than one millikelvin in an object as large as this over a range of temperature from, say, -50 C to 150 C. Various designs of black-body radiator have been devised to facilitate the measurement of the effective temperature. Quinn and Martin [8, 9] show that a design using a combination of black and highly reflecting surfaces can considerably reduce the errors from nonuniform temperatures. A practical version of their design is shown in Figure 3 . For a detailed description of how such a cavity reduces the requirements for uniformity of temperature see [8] or [9] . In brief, the advantage comes from the fact that only a small fraction of the internal surface is black, i.e. highly radiating. The remainder is highly reflecting and serves mainly to turn the emitted radiation back upon itself and bathe the emitting surface in radiation of its own temperature. The net effect is that the radiation coming from the highly emitting surface in the direction of the aperture is very close to black-body radiation of its own temperature. The effect of the reflecting surfaces having temperatures different from that of the highly reflecting surface is reduced roughly in the ratio of the emissivity of the highly reflecting surfaces to that of the black surface. The temperature to be measured is thus only that of the black surface. In the design shown in Figure 3 , the black surface is in the form of a flat grooved plate. Temperature measurement is thus straightforward using platinum resistance thermometers in the way shown in the figure. A further advantage of having only a small fraction of the inner surface of the black-body radiator covered with a black surface is that the net outgassing of the radiator is much reduced. This reduces the pressure correction from the level of about 0,1 mK observed in [2] .
Similarly, in the black-body detector a combination of highly reflecting and black absorbing surfaces has been found to be advantageous. In [2] , most of the correction given by arose from reflections out of the black-body detector close to the aperture. By a careful combination of highly reflecting surfaces close to the aperture and highly absorbing surfaces elsewhere, can be reduced from 6 parts in 10 4 to below 1 part in 10 4 . The corresponding uncertainty in the correction will fall to a few parts in 10 5 .
Thermometry of the detector and electrical measurements
The standard deviation of the measured values of in [2] was 1,5 parts in 10 5 and in the measurements of was 0,8 mK. Although these are small uncertainties, they can be reduced further by measuring the temperature of the detector with a rhodium-iron thermometer rather than a germanium resistance thermometer as used previously, and by improving the temperature control of the heat sink to which the detector is attached. The rhodium-iron thermometer has significantly lower noise than the germanium thermometer and the measurement of its resistance is easier since an adequate measuring current produces a much smaller self-heating effect. Using a rhodium-iron thermometer, a temperature, and hence power, resolution of 1 part in 10 6 will be possible. This will allow small systematic effects to be studied more closely.
The measurement of the electrical power supplied to the detector does not pose special problems but the best measurement techniques must be used, particularly in the avoidance of thermal emfs and electrical pick-up. An uncertainty of 1 part in 10 6 should be possible.
Conclusions
Total radiation thermometry using an electrical substitution cryogenic radiometer has proved to be a new and accurate method of measuring thermodynamic temperature. So far it has been used in the temperature range from about -140 C to 100 C and has provided values of with uncertainties below 3 mK. Taking advantage of new technologies in the preparation of black surface treatments and new designs of black-body cavities, it is shown that uncertainties in of less than 0,3 mK can be expected from the next generation of total radiation thermometers. If this is achieved, the total radiation thermometer will become the most accurate method of thermodynamic temperature measurement in the room temperature range. A corresponding improvement of more than a factor of ten is also possible in the determination of the Stefan-Boltzmann constant bringing it to about 1 part in 10 5 . This would make it possible to deduce a value for the Boltzmann constant with an uncertainty approaching 2 parts in 10 6 . This would be more accurate than that currently deduced from the value of the gas constant and would thus provide one more link in the web of interlocking fundamental physical constants upon which physics is based.
